Background: Hippocampal abnormalities have been largely reported in patients with schizophrenia and bipolar disorder, and are considered to be involved in the pathophysiology of the psychosis. The hippocampus consists of several subfields but it remains unclear their involvement in the early stages of psychosis. Aim: The aim of this study was to investigate volumetric alterations in hippocampal subfields in patients at the first-episode psychosis (FEP). Methods: Magnetic resonance imaging (MRI) data were collected in 134 subjects (58 FEP patients; 76 healthy controls [HC]). A novel automated hippocampal segmentation algorithm was used to segment the hippocampal subfields, based on an atlas constructed from ultra-high resolution imaging on ex vivo hippocampal tissue. The general linear model was used to investigate volume differences between FEP patients and HC, with age, gender and total intracranial volume as covariates. Results: We found significantly lower volumes of bilateral CA1, CA4, and granule cell layer (GCL), and of left CA3, and left molecular layer (ML) in FEP patients compared to HC. Only the volumes of the left hippocampus and its subfields were significantly lower in FEP than HC at the False Discovery Rate (FDR) of 0.1. No correlation was found between hippocampal subfield volume and duration of illness, age of onset, duration of medication, and Positive and Negative Syndrome Scale
Introduction
Psychotic spectrum disorders have a combined lifetime prevalence of approximately 3%. 1 In particular, schizophrenia is the most common with a lifetime morbid risk of 1%. 2 It is characterized by delusions and hallucinations, speech and thought disorganization, flatted affection, and impaired cognitive functioning. 3 Hippocampal alterations have been consistently reported in schizophrenia. 4 Hippocampal volume decrease was associated with increased blood perfusion, 5 reduced activation during novelty and memory tasks, 6, 7 symptom severity, 8, 9 and social functioning 10 and antipsychotic medication. 8, 11 Given that the hippocampus owns crucial relevance in memory, emotion processing and other essential cognitive functions 4, 6, 12 these alterations may contribute to the pathology and cognitive impairment of psychosis spectrum.
While previous findings indicated that abnormalities of the whole hippocampus might be related to psychoses, few could localize which part of the hippocampus underwent the greatest impairment. Because the hippocampus is not a uniform structure, 13 and consists of several subfields with distinct functions, such as the Cornu Ammonis regions (CA1-4), the dentate gyrus (DG), the molecular layers (MLs) and the subiculum. 14 Previous findings in psychotic disorders (eg, schizophrenia) demonstrated smaller hippocampal subfield volumes in CA2/3, CA4/DG subiculum, and CA1 13, 15, 16 which may indicate the involvement of specific subfields during the early development of psychosis, especially CA1. 16 Postmortem studies in schizophrenia reported hippocampal volume reduction, with reduced cell size in left CA1 and CA2 and right CA3. 17 Moreover, non-pyramidal cell size and density in CA2 were decreased in a mixed sample of schizophrenia and bipolar disorder patient. 18 Although the total number of hippocampal neurons seems to be normal, 19 the size of pyramidal neurons in CA1 20 and non-pyramidal cell layer volume in CA2/3 19 were found to be decreased. Tamminga 4 suggested that in patients suffering from schizophrenia, molecular changes can be caused by a reduction in glutamate transmission in the DG to CA3, affecting in particular mossy efferent fibers. Since the DG is the major afferent of the fibers from the entorhinal cortex, it might be the first step in the processing of information leading to the composition of episodic memories. 21 This alteration in DG glutamatergic output and in CA3 homeostasis might underlie 2 crucial processes in memory, named pattern separation and pattern completion. This model may explain the "psychotic associations" leading to a failure in discrimination and association between present and past tracks in memory. 4 However, in vivo studies were still lacking to confirm whether these subfields were affected already at the onset of psychosis or after the progressive period of the disease, and whether the alteration of their volumes was caused by the antipsychotic medications. Thus, investigating patients at the first episode of psychosis is particularly informative since potential confounding factors associated with chronicity and long-term exposure to antipsychotic medications are minimized.
Recently, a novel automatic algorithm that provides reliable segmentation of hippocampus has been developed on in vitro tissues and validated in vivo images. 22 This state of the art method makes it possible for us to investigate all the subfields within the hippocampus from a large sample. In the present study, we investigated the volume changes of hippocampal subfields in patients with the first-episode psychosis (FEP). We hypothesized FEP had lower volumes of hippocampal subfields compared to healthy subjects.
Materials and Methods

Participants
The patient sample consisted of 58 subjects with FEP with an ICD-10 diagnosis: (1) within the non-affective psychosis spectrum (NAP = 49, age = 29.3 ± 9.3, gender = 30 male, 61%; table 1) [schizophrenia (F20) (n = 17), schizotypal disorder (F21) (n = 2), schizoaffective disorders (F25) (n = 7), delusional disorders (F22) (n = 10), brief psychotic disorder (F23) (n = 11), unspecified psychosis not due to a substance or known physiological condition (F29) (n = 2)], or (2) within the affective psychosis (AP = 9; age = 34.4 ± 9.2, gender = 4 male; 44% male) [manic episode, severe with psychotic symptoms (F30.2) (n = 4), major depressive disorder, single episode, severe with psychotic features (F32.3) (n = 5)] recruited from the Seventy-six healthy controls (HC) were also studied. Participants had no DSM-IV Axis I disorder, determined using a brief modified version of the Structured Clinical Interview for DSM-IV-Non-Patient Version, no history of psychiatric disorder among first-degree relatives, no history of alcohol or substance misuse and no current major medical illness.
After clinical stabilization, patients were assessed by independent evaluators to measure current psychotic symptoms (Positive and Negative Syndrome Scale; PANSS).
Inclusion and Exclusion Criteria
Inclusion criteria were based on the screening method adopted in the WHO 10-country study, 24 and included:
• Age 18-54 years.
• Residence in the catchment area of participating CMHCs (community mental health centers).
• Presence of (1) at least one of the following symptoms:
hallucinations, delusions, qualitative speech disorder, qualitative psychomotor disorder, bizarre or grossly inappropriate behavior; or (2) at least 2 of the following symptoms: loss of interest, initiative and drive, social withdrawal, episodic severe excitement, purposeless destructiveness, overwhelming fear, marked self-neglect, as measured by the Screening Schedule for Psychosis. 24 First lifetime contact with participating to CMHCs, prompted by the symptoms enumerated in the point above.
Exclusion Criteria Included
• Pre-existing anti-psychotic medication (>3 mo) prescribed by any psychiatric or other medical agencies for a mental disorder identical or similar to the current one.
• Mental disorders due to a general medical condition.
• Moderate to severe mental retardation as determined by clinical functional assessment.
Ethics Committee Approval
This study was conducted in accordance with globally accepted standards of good clinical practice, in agreement with the Declaration of Helsinki, and in keeping with local regulations.
Formal ethics approval for conducting the trial has been sought and obtained by the Coordinating Center's Ethics Committee (Comitato Etico per la Sperimentazione Clinica, Azienda Ospedaliera di Verona, which approved the study protocol, the information and informed consent sheets) and by the Ethics Committee of each participating unit. 23 
Image Acquisition
All participants underwent magnetic resonance imaging (MRI) scanning on the same 3.0 T Siemens Allegra MRI scanner (Siemens Ag) at the Section of Neuroradiology of the Verona Hospital. A standard head coil was used for radio frequency transmission and reception of the MRI signal, and restraining foam pads were used to minimize head motion. T 1 -weighted images were acquired using an axial 3-dimensional magnetization prepared rapid gradient echo (3D MPRAGE) sequence with the following parameters: matrix size 256 × 256; slice number, 160; voxel size, 1 × 1 × 1 mm 3 ; TR 2300 ms; TE 3.93 ms; flip angle 12°.
Image Processing
Subcortical segmentation was performed with the FreeSurfer 5.3.0 (http://surfer.nmr.mgh.harvard.edu). The procedure included intensity normalization, motion correction, automated topology corrections and automatic segmentations of cortical and subcortical regions. 25, 26 A novel automated hippocampal segmentation algorithm published with FreeSurfer 6.0 was used to label the hippocampal subfields. The subfield atlas was derived from high resolution ex vivo MRI data of post mortem medial temporal tissue at 7-T (figure 1). 22 The algorithm could reliably identify CA regions and granule cell layer (GCL) within the dentate gyrus (DG) using images with 1 mm 3 resolution or higher acquired on a regular 3T scanner, and was demonstrated to be more accurate than the previous algorithm, especially on the CA1. 15, 22, 27, 28 The ML in this algorithm refers to a band consists the stratum radiatum, lacunosum moleculare, hippocampal sulcus and ML of the dentate gyrus. 22 In the present study, we considered 8 hippocampal subfields: CA1, CA2 and CA3 (together referred as CA2/3), CA4, GCL, ML, presubiculum, subiculum and the hippocampal tail (the posterior end of the hippocampus).
We implemented a 2-step quality control (QC) procedure that was similar to the ENIGMA protocol (http:// enigma.ini.usc.edu/). In step 1, any apparent outlier (5 SDs) of any hippocampal subfield was excluded. In step 2, each labeled hippocampus image was visually inspected by the authors (B.C. and V.B.) to exclude segmentations with poor registration or with wrong assignment of the subfields. After this QC procedure, we included a total of 134 subjects as reported in the previous section.
Statistical Analyses
Statistical analyses were conducted using SPSS 23 (IBM Corp). For each hippocampal subfield, we used 1-way ANOVA to investigate the effect of diagnosis. Diagnosis group (H.C. and F.E.P.) was included as an independent variable, and whole hippocampal volume and subfield volumes were included as a dependent variable, with gender and the intracranial volume (ICV) as covariates. In a pilot study, we did not find any main effect of age and education on the hippocampal subfield volumes, so we did not include them as covariates. The correlation analysis was performed between the hippocampal subfield volumes and duration of illness, age of onset, duration of medication, and PANSS. A P value of .05 was considered as significant. The false discovery rates (FDRs) of 0.1 and 0.05 were used to control the false discoveries due to multiple comparisons.
Results
We found significantly lower volumes of CA1 (left side: F 1,129 = 6.26, P = .014; right side: F 1,129 = 4.20, P = .041), left CA2/3 (F 1,129 = 6.52, P = .011), CA4 (left side: F 1,129 = 7.39, P = .007; right side: F 1,129 = 3.97, P = .046, GCL (left side: F 1,129 = 7.38, P = .007; right side: F 1,129 = 4.09, P = .043), and left ML (F 1,129 = 7.38, P = .007) in FEP patients compared to HC (table 2; figure 2) . Only the whole left hippocampal volume and left CA1, CA3, CA4, GCL, and ML volumes were significantly lower in FEP at the FDR of 0.1, and no subfield was significant at the FDR of 0.05. We did not find any significant correlation between the hippocampal subfield volumes and the duration of illness, age of onset, duration of medication, and PANSS.
Discussion
In this study we demonstrated that hippocampal subfield volumes in left CA1, CA3, CA4, GCL, and ML, and right CA1 and CA4 and GCL were abnormally lower in patients at FEP compared to healthy subjects, although these abnormalities were only significant in the left hippocampus at FDR of 0.1. These findings indicate Note: ML, molecular layer; GCL, granule cell layer. early shrinkage of hippocampal subfields, especially CA regions in the psychosis spectrum. Great efforts have been exerted towards the in vivo automatic segmentation of hippocampal subfields, recently, due to the interest in further understanding the clinical and cognitive roles of hippocampal subfields in psychosis. 13, 15, [29] [30] [31] [32] [33] Some studies focused on the surface components 30, 33, 34 or the long-axis, 35 while some others used atlases developed from high-resolution MRI images.
13,28,29 However, it is only until recent that a novel segmentation method was developed based on ultra-high resolution MRI images of ex vivo hippocampal tissue, 22 which provides a detailed atlas and reliable segmentations of subfields, especially CA1. 15, 16, 28, 36 The bilateral low volumes of CA1 in FEP was in line with previous studies in early-course 16, 30 and chronic schizophrenia patients. 9, 29 As recently reported by a longitudinal study by Ho, 16 in subjects who developed psychosis hippocampal volume loss might arise from CA1, and consequently spread to others subfields as the course and worsening of the illness progress. 16, 30 Several studies suggested possible pathophysiological mechanisms related this finding, relying on observation that CA1 subfield was found to be particularly vulnerable to hypoxia 25, 26 and to hyperexcitation of glutamate receptors (NMDA). However, given that hippocampal subfields are interconnected, such as the tri-synaptic circuitry between GCL, CA2/3, and CA1, pathology in a specific subfield would ultimately impact the neighboring connections. Specifically, it has been hypothesized that glutamatergic hyperactivity in CA1 might be caused by a lack of inhibition of glutamatergic CA3 input and leading to a dopaminergic hyperfunction. 27 Indeed, CA1 hypermetabolism/hyperexcitation may conduct to excitotoxic damage, with secondary CA1 and CA2/3 volume loss. 27 Within the hippocampus, areas CA1 and CA2/3 are the principal pyramidal cell fields 14 and recent studies have suggested important differences in the function in spatial and contextual memory. 37, 38 It has been suggested that these regions play an important role in encoding and associating memory traces, and alterations in such patterns would eventually result in psychosis phenomenon. 4 Thus, abnormalities in CA2/3 may underlie specific psychotic psychopathologic features, that cannot be corrected because of inability to perform pattern separation, conjunctive encoding, and/or pattern completion.
39
CA4 is considered an important anatomic site of intersection for innervation pathways connecting the hippocampus with several other cerebral sites. Indeed, CA4 volume loss, as seen here, might affect connectivity to other hippocampal and brain regions in patients with major psychosis. For example, Fatemi et al 40 observed significant decreases in Reelin levels, a secretory glycoprotein responsible for lamination of brain, in CA4 area of schizophrenia and mood disorder patients.
The GCL takes part of the trisynaptic circuitry and is involved in neurogenesis and synaptic plasticity during brain development and adulthood. 41 GCL volume loss was observed over time as significant effects of the illness, and could be related with stress, environmental factors, substance abuse and fundamental cell abnormalities. Thus, multiple genes associated with neuronal development, 41, 42 including schizophrenia susceptibility genes, 43 eg, neuregulin-1, 44 and dysbindin, 45 are expressed in the GCL. 46 The low GCL volume in FEP observed in our study may indicate some of the neuropathological changes underlying schizophrenia, as decreased cell proliferation 47 and memory impairment. 48 Finally we found a shrinkage in the left hippocampal subfields. Currently, despite the emerging of new approaches and techniques in the MRI fields, there are relatively few studies related to hippocampal subfields in FEP and, specifically, investigating symmetry. Consistent with our results, Velakoulis et al 49 found reduction in left hippocampal volumes from the onset of both schizophrenic and affective psychosis. These results are in line with the continuum of psychosis spectrum; however, although hippocampal involvement is reported both in affective and non-affective psychoses, 13,49,50 the asymmetry in volume reduction is still controversial, also because different ways of hippocampal segmentation may introduce further variability. In particular, the left hippocampal volumes have been reported to be smaller at the onset of the psychosis, 49 while bilaterally in psychosis spectrum chronic patients. 50, 51 Thus, the hippocampus has been reported to be decreased in patients with bipolar disorder with psychotic features but not in those without psychosis. 52 In this study we have examined hippocampal alterations across the psychotic spectrum. Indeed, according with several lines of evidence, affective and non-affective psychosis share clinical, 53 morphological, 54 and genetic vulnerabilities and risk factors, 55, 56 leading to a growing consensus to read these 2 entities along a continuum. 57 Investigating the first episode appears particularly important because it allows to examine psychosis phenomenon as a dimensional continuum, in light of the Research Domain Criteria (RDoC), 58 and not as categorical (and chronic) diagnoses. Anyway, in this work we did not investigate from where the volumetric difference in hippocampal subfields between psychotic and healthy subjects stems, but it is certainly worthy of consideration for future studies.
A major limitation should be considered in our study. Although at the first episode, patients had received some medication exposure during stabilization. We thus were not able to fully exclude the impact of psychotropic drugs on the hippocampus in FEP, although no associations between duration of medication and any hippocampal volumes were found. The novel segmentation method of hippocampal subfields estimated the ML volume with the total hippocampal volume and the volumes of other subfields, when T1 images were used alone. Although the novel automatic segmentation method has been proved to capture hippocampal subfield abnormalities in several clinical populations, it is not fully compared with manually labeled atlas of hippocampal subfields. Thus, our results still need to be interpreted with caution.
Conclusions
We found abnormal lower hippocampal subfield volumes in FEP compared to healthy subjects, especially in the left CA regions, being a potential neural marker for psychosis onset. Future longitudinal MRI study coupled with neuropsychological investigations should explore the possible changes of hippocampal subfields over time in FEP to elucidate their impact on cognition along the spectrum of psychosis. 
